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Preface
Future space missions by NASA that include Space Transfer Vehicles (STV) are ex
pected to perform orbital transfers such as Lunar and Mars transfers and descents.
STV requires deep-engine throttling thrust capability. To accomplish this, turbop-
umps employed in the Space Transfer Vehicles should efficiently provide a wide range
of flow output.
The current state-of-the-art cryogenic fuel and oxidizer turbopump designs with
vaned diffusers do not perform efficiently at off-design (low) flow rate, mainly due to
flow separation and stall in the vaned diffuser.
This thesis evaluates the effectiveness of boundary layer control by wall suction for
suppressing or eliminating the flow separation in the vaned diffuser of a turbopump.
It presents the results of a three- dimensional diffuser model including the vaneless
diffuser, vaned diffuser and turning channel using CFD code FIDAP and k e turbu
lence model. The diffuser model was first studied at design flow condition using liquid
hydrogen as the working fluid. Then the diffuser model was studied at off-design flow
conditions also using liquid hydrogen as the working fluid, and suction was applied
at the vaned diffuser at off-design flow rates.
In this more complex and realistic computational model, the separation occured
at the bottom plane of the vaned diffuser and at the top plane of the vaneless diffuser
IV
at off-design flow rates. Results show that suction applied at the bottom surface
of the vaned diffuser can successfully eliminate flow separation at this location and
increase the pressure recovery by 10% to 30% with varying wall suction rates. It also
shows that there is a relationship between the off-design flow rate and the amount of
wall suction required to effectively reduce or eliminate separation.
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Chapter 1
Introduction
1.1 Project Justification
There is a need in future for throttling thrust capabilities for the NASA Space Transfer
Vehicles (STV) to perform orbital transfers such as Lunar and Mars transfers and
descents. This capability can be accomplished by designing a high performance liquid
hydrogen(LH2) turbopump which should efficiently output a wide range of flow rates.
The current state-of-art cryogenic fuel and oxidizer turbopump designs with radial
vaned diffusers do not provide this deep-engine throttling thrust capability at off-
design flow rates. Flow rates lower than the design flow rate cause the diffuser to
perform poorly mainly due to flow separation and stall in diffuser.
In the current multistage turbopumps with radial vaned diffusers, the inlet of the
vaned diffuser is attached to a vaneless diffuser, just modeling diffuser alone is not
enough. To gain a better understanding of the the impeller-diffuser interaction, the
vaned diffuser and the vaneless diffuser should be modeled and analyzed. This thesis
presents the results of the three-dimensional vaned and vaneless diffuser models at
1
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design and off-design flow rates with and without employing boundary layer control
by suction.
1.2 Project Objectives
The diffuser is one of the basic components of a centrifugal turbopump. The function
of a diffuser is to convert the inlet dynamic pressure (kinetic energy) to a static pressure
rise. For sub-sonic flow this is done by decelerating the fluid particles by providing
a continuous and gradual increase of the cross-sectional flow area. The desired effect
is to recover as much of the inlet dynamic pressure as possible under steady flow
conditions. However, diffuser performs in an adverse pressure gradient, where its
efficiency is limited. When the flow field is incompressible and viscous, the existence
of an adverse pressure gradient ultimately can lead to flow separation and stall.
When the pressure rise is severe enough in the main flow area, a reversal of flow can
occur along the diffuser wall causing the boundary layer to separate. If the boundary
layer does not re-attach itself to the diffuser wall, the main flow will continue as a
high velocity jet at the center. The high velocity jet dissipates into turbulent mixing
and the diffusion process for providing pressure recovery comes to the end.
The goal of this project is to provide insight into the effectiveness of suction as a
boundary layer control device in suppressing or eliminating the flow separation that
causes poor performance at off-design flow rates. The effectiveness of this boundary
layer control device can be verified by demonstrating that the technique of suction
will allow for a pressure recovery that is significantly higher than the conditions at
off-design flow rates.
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1.3 Project Description
The MK49-F High Pressure LH2 Turbopump that was developed for NASA is shown
in Fig. 1.1. The MK49-F was developed by Rocketdyne Division of Rockwell Interna
tional. It is a three-stage, centrifugal, high pressure turbopump using liquid hydrogen
as the working fluid.
The specific area of interest for this work is the diffuser crossover section where
the pressure recovery occurs.
The MK49-F uses 17 continuous crossover passages between each impeller stage.
The continuous passage diffuser crossovers serve the purpose of moving the fluid
from the exit of one impeller to the inlet of the next impeller. Rocketdyne Division
simplified the MK49-F turbopump to a single stage water tester to run performance
tests. Shown in Fig. 1.2 shows a single stage, centrifugal turbopump and an individual
radial vaned diffuser. From Fig. 1.2, it can be seen, a passage consists of an upcomer
vaned diffuser, followed by a constant area turning channel which is followed by a
downcomer diffuser. The fluid leaves the impeller blades tip at high velocity into
the vaneless diffuser. From there the fluid enters the upcomer diffuser where the
majority of the pressure recovery takes place. The fluid then travels through the
turning channel to the downcomer diffuser to finish the diffusion process. Fig. 1.3
shows the individual radial vaned diffuser crossover section.
A three-dimensional vaned diffuser attached to a vaneless diffuser was created us
ing FIDAP. This three-dimensional model maintained both dynamic and geometrical
equivalence to the actual MK49-F turbopump diffuser. The flow conditions of the
model are equivalent to the actual flow conditions in the MK49-F turbopump diffuser.
The diffuser was modeled with six slits available for suction in controlling boundary
CHAPTER 1. INTRODUCTION 4
layer. A detailed description of the geometry and model will follow in Chap. 7. This
work is a continuation of the previous works (Wissinger [19] and Yoshida [22]) done
on this project.
CHAPTER 1. INTRODUCTION
Figure 1.1: High-Pressure MK49-F LH2 Turbopump
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Figure 1.2: Rocketdyne Water Tester
CHAPTER 1. INTRODUCTION
vitw C - C
S'.lfO-
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Chapter 2
Principles of Turbulent Flow
2.1 Governing Equations of Turbulent Flow
Continuity Equation [5, 13]:
Since a system is, by definition, an arbitrary collection of matter of fixed identity,
a system is composed of the same quantity of matter at all times.
dM\
0 (2.1)dt .
' system
The continuity equation is a statement of conservation of mass
Dp
i+pV-v
= 0 (2.2)
For an incompressible fluid, p is constant,
Dp
In Cartesian coordinates,
f)f
0, V-v = 0. (2.3)
_
du dv dw
dx dy
dz'
8
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x + Ax. y + Ay, z + Az|
Figure 2.1: Control Volume
Navier-Stokes Equations [5, 8, 16]:
For a system moving relative to
Newtons'
second law states that the sum of all
external forces, F acting on the system is equal to the time rate of change of linear
momentum, P of the system.
dt J (2.5)system
A dynamic equation describing fluid motion may be obtained by applying New
ton's second law to a particle. Consider the control volume of Fig. 2.1 This is a
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differential element in a fluid continuum. Forces acting on it include gravitational,
viscous or frictional, and pressure forces which encompass the majority of fluid prob
lems.
Dv
P^
= pF-Vp + V(AV-v) + V(2/u[e]), (2.6)
where A is resistant constant, [e] is tensor stress.
For the general problem in fluid mechanics, assuming that we have a Newtonian
fluid with constant properties, the Navier-Stokes equations in Cartesian coordinates
are:
Du dp ( d2u d2u d2u
Dt
x
dx \dx2 dy2 dz2
Dv dp I d2v d2v d2v
pd1
~ p y~^+^{d^ + oy
+
d?,
Dw
,_, dp ( d2w d2w d2w\
m = ^-S + "(a?+V+^j (2'7)
2.2 Characteristics of Turbulent Flows
Viscous flow regimes are classified as laminar or turbulent on the basis of flow struc
ture. Flow structure in the turbulent regime is characterized by random, three-
dimensional motions of fluid particles in addition to the mean motion. The impor
tant characteristics and properties of turbulent flows are well recognized and described
below:
From a practical standpoint the most important characteristic of turbulent mo
tion is its ability to diffuse (or mix) momentum, heat and mass far more effec
tively than molecular diffusion.
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Fully developed turbulent motion is characterized by large number of three-
dimensional entangled eddies (or vortex elements) of varying size. It therefore
involves a wide spectrum of length and time scales.
In cascading down to the fine scales of turbulent motion, the kinetic energy of
turbulence is finally "destroyed" by viscous dissipation (i. e. it is converted
into heat). Therefore in order to make up for these losses and maintain itself,
turbulence requires a continuous supply of kinetic energy from the large scales
of motion. If this input of energy is interrupted in some way (by removing the
mean shear or by introducing a strong stable density stratification), turbulence
will decay rapidly.
2.3 Methodology of Analysis
Turbulent flows are time dependent and three dimensional. Due to these complexities,
the turbulent motion and mass-transfer phenomena associated with it are extremely
difficult to describe and thus predict theoretically. It is possible, however to simulate
such flows by numerically solving the full three dimensional time dependent Navier-
Stokes equations. This approach, however, would require a mesh discretion far beyond
the capabilities of today's computers.
To practically describe turbulent motion, it is necessary to use time- averaged
quantities rather than instantaneous ones. The nature of the specific flow under
consideration in this thesis allows for some simplification. It is assumed that within
the LH2 turbopump diffuser, the flow can be described as steady, incompressible,
isothermal, and Newtonian in nature. In FIDAP, the equations for conservation of
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mass and momentum are reduced to [3]
dui
dxi
( duA dp d
\
J dxj J dxi
l
dxj
( dui duj
\dxj dxi
(2.8)
where u is the fluid velocity with i,j = 1,2,3 for the 3D problem, p is the pressure
and F represents the body force.
A statistical approach is first suggested by Osborne Reynolds. The equations are
averaged over a time scale which is long compared with that of the turbulent motion.
The resulting equations describe the distribution of mean velocity and pressure which
are the quantities of prime interest to an engineer.
In this statistical approach, each of the field variables (velocity ;, pressure p) are
separated into mean and fluctuating quantities. This allows for use of the mean values
of field variables^ and p) in modeling the large scale flow characteristics. For an
arbitrary field variable 77, we can define its mean value as,
1 rt+St
It I ** <2'9)
where the averaging time 8t is long compared with the time scale of the turbulent
motion. The variable 77 is then decomposed as,
77 = 77 + 77 (2.10)
where 77 reflects the small scale fluctuations associated with turbulence. This decom
position is applied to the Navier-Stokes equations which are then integrated over the
time interval(rj, t+8t) resulting in the following equations which govern the mean-flow
quantities (the over bar indicating averaged values will be dropped from this point
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forward) :
dxt
( dui \ dp ^ d
T^J
= ~dx- + pF> +
dui duj
^dx-+di^-pu'^ (2.11)
Due to the non-linearity of the Navier-Stokes equations, the averaging process
introduces a correlation between fluctuating velocities, u^u'j. Multiplying this term
by p gives the transport of momentum due to the turbulent motion. The term
1 rt+St
pu'tii'j = / piiiUjdt (2.12)
pu'iU'j describes the transport of ^-momentum in the direction of x3 and acts as a
stress on the fluid (Reynolds stress). It summarizes the effect of small scale eddy
behavior on the large scale mean flow. To solve the Navier-Stokes equations and
Eq. 2.12 requires a way of determining the turbulence correlation. This determina
tion is the main roadblock in analyzing turbulent flows. A turbulence model which
approximates this correlation along with the Navier-Stokes equations forms a closed
set of equations which can be solved for the mean values of velocity and pressure.
The approach of using time averaging technique introduces some turbulent flow
characteristics. Turbulent kinetic energy in the k e turbulence model is defined
as [3]
k = l^uj (2.13)
Another characteristic is the intensity of turbulence in the flow, which is defined
as [3]
'4k2
9ui 9TTi
v '
The turbulent intensity quantity indicates the turbulence level of the fluid at any
point based on how much the velocity fluctuations deviate from the average flow.
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There are several other relationships that are important in understanding turbulent
flows. The non dimensional velocity u+ , non dimensional normal distance from the
wall y+, the shear stress at the wall r*, and the friction velocity
u*
are defined as
follows:
+ _ pu*y
u = / , T =Ttot, iT
=
, y
V p u* V
(2.15)
The turbulent flow regime can be described by distinct regions based upon the
definitions and characteristics from above. The viscous sub layer is the region nearest
to the wall where y+ is less than or equal to five. The fully turbulent core is near the
centerline of the flow where y+ is greater than 30 [3]. The buffer region is located
between the viscous sub layer and the fully turbulent region. Fig. 2.2 shows these
regions in a graphical form [7]. Different flow characteristics are found within each
region, which is helpful in discussing the complexities of turbulent flow.
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2.4 Modeling Procedures
There are a relatively large number of turbulence models in current practical use.
These can be conveniently grouped in two broad categories: a) Eddy viscosity/diffusivity
models which are the most widely used in practical flow computations, and b) Second-
moment models which are considerably more sophisticated and consequently more
costly to use.
The approach that is most often used to model the Reynolds stress is due to
Boussinesq [7]. The so called eddy-viscosity concept assumes that the components of
the Reynods stress tensor are proportional to the mean velocity gradients (analogous
to viscous stress in laminar flow). This relationship is defined as follows:
( dui dui\ , .
-pulUj=pt^+ j (2.16)
The proportionality parameter pt is termed the eddy viscosity and is dependent
upon the turbulence of the flow, which is a function of position (unlike the con
ventional shear viscosity p0). This approximation allows Eq. 2.11 to be rewritten
as Eq. 2.8 provided the total viscosity is identified as the sum of shear and eddy
viscosities.
p = p0 + pt (2.17)
The eddy-viscosity concept transforms the problem of turbulence modeling to the
determination of the distribution of pt. Two turbulence models are commonly used for
this purpose, the zero equation mixing length model and the two-equation k e model.
Both are based on the Reynolds time-averaged equations and use of eddy-viscosity
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concept, but the former model is not conducive to complex flows. Therefore, the two-
equation k e model is used because it is more effective in cases of flow separation
and adverse pressure gradient flows.
The two equation k e model describes the turbulent kinetic energy associated
with the small scale eddy behavior as,
k = \u'iu'i (2.18)
which suggests that velocity fluctuations can be characterized by the single parameter
\/k, which in turn gives the approximation,
pt oc \fk (2.19)
A transport equation for k can be obtained from the Navier-Stokes equations by
algebraic manipulation. This transport equation involves e, which is defined as,
dut dui v ft+5t dili du.
e = v v_^dudjHdt (22Q)8t It dxi dxjdxj dxj J dxj dxj
which represent the viscous dissipation of turbulent kinetic energy. A second transport
equation for e can also be derived from the Navier-Stokes equations. The transport
equations of turbulent kinetic energy and viscous dissipation are:
dk d ( pt dk\
put^-
-
- ^ +/v-pe
dxj dxj \ak dx3 J
de d ( pt de \ e e2 .
pUidx~ =
dx-{aoV)+Clk^-C2PJ (2"21)
Where $ is the viscous dissipation term. The eddy viscosity relationship,
pt = pck2/e (2.22)
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and the Navier-Stokes equations form a set of equations that will approximate the
resulting turbulent flow in an internal passage. However, the equations are no longer
exact and the results generated must be interpreted as approximate values. The
above equations contained several empirical constants which require definition. The
empirical constants, c, cx and c2, are set at 0.09, 1.44, and 1.92 [3] respectively for
isothermal flows and the turbulent Prandtl and Schmidt numbers, ak and ae, were
determined to be 1.0 and 1.25 [3] respectively for this flow situation [7].
The above results are for high Reynolds number flows and are useful in the fully
turbulent region where the velocity profile is rather flat [7]. Due to the application
of the no-slip condition at the diffuser walls, the flow characteristics are subject to
very steep gradients near the wall. The above results will not be applicable over this
low Reynolds number boundary layer. The Law-of-the-Wall model provides the link
between the fully turbulent region and the no-slip, near wall region.
The Law-of-the-Wall model requires that the region under investigation be away
from any stagnation, reattachment and separation points, with the flow parallel to the
wall, no body forces present, and weak pressure gradients present. These assumptions
may not hold for diffusers, but the model will be modified to relax these restrictions.
A coordinate system is set up such that the first axis is tangent to the wall and the
second axis is normal to the wall. The tangential momentum equation reduces to,
^ = 0 (2.23)dx2
where rtot is the sum of the laminar and turbulent shear stress,
du\
Ttot = H-rTr
- pu\v!2 (2.24)
where pjf is the laminar shear stress and pu\u'2 is the turbulent shear stress. In' dX2
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Figure 2.3: Stress Profiles in the Near Wall Region
the near wall region, where
y+ < 30, rtot is constant. The experimentally determined
stress profiles are shown in Fig. 2.3 [7].
Within the viscous sub-layer, where y+ < 5, the laminar shear stress is dominate.
As the flow progresses through the buffer layer, where 5 < y+ < 50, turbulence is
generated by an increase in turbulent shear stress and a decrease in laminar shear
stress. In the fully turbulent region, the turbulent shear stress is dominate. This
analysis is in agreement with accepted boundary layer theory that indicates that the
conventional fluid viscosity need only be accounted for within a very narrow region
close to the wall. Based upon this analysis the velocity profiles in each region can be
determined, allowing for the development of the Law-of-the-Wall model.
Neglecting the turbulent shear stress in the viscous sub-layer gives,
du\
rtot = A*
dx2 (2.25)
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which by substitution and rearrangement leads to,
u/u*
= pu*y/p (2.26)
and by definition, this becomes the linear velocity profile
u+
= y+. (2.27)
Beyond y+ = 30, i.e. in the fully developed turbulent region where the total shear
stress is constant and equal to r*, |^- is negligible, so that,
T*
=
pu*z
= -pu[u'2 (2.28)
which leads to the classical logarithmic velocity profile,
u/u*
= In (Epu*y/p) /k (2.29)
where k is the von Karman constant equal to 0.41 [3] for this situation and E is an
empirical constant equal to 9.0 [3]. Eq. 2.27 and Eq. 2.29 are plotted in Fig. 2.4 along
with a typical velocity profile for the near wall region [7].
Universal characteristics are also exhibited by the profiles for the turbulent kinetic
energy, k and the viscous dissipation, e in the near wall region. From dimensional
analysis, the equations for k and e are given by,
k = c--5u*2 (2.30)
e = u*3/ky (2.31)
The profiles for k and e in the near wall region are shown in Fig. 2.5 and Fig. 2.6
respectively [7]. As was stated in the earlier discussion, several restrictions were placed
upon the Law-of-the-Wall model. Modifications to account for the flow separation
and stall present in the diffuser will be employed with Eq. 2.27, Eq. 2.29, Eq. 2.30
and Eq. 2.31 to approximate the near wall region.
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Figure 2.4: Universal Velocity Profiles in the Near Wall Region
Figure 2.5: Universal Kinetic Energy Profiles in the Near Wall Region
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Figure 2.6: Universal Viscous Dissipation Profile in the Near Wall Region
Chapter 3
Principles of Diffusers
3.1 Diffuser Performance
The MK49-F High Pressure Liquid Hydrogen Turbopump is currently being consid
ered for future use by NASA for providing deep-engine throttling thrust at a variety
of flow rates. It has been shown that the vaned diffuser is a key item in improving
the system performance. Therefore, it is imperative to study the vaned diffuser of
the MK49-F turbopump for the development of high performance.
The diffuser is one of the basic components of a turbopump. The diffusers' purpose
is to convert the inlet dynamic pressure of the fluid to a static pressure rise. It is
desirable to recover as much of the entering dynamic pressure as possible. It is also
important that the exiting flow be steady and has a uniform profile. For sub-sonic
flow, this is accomplished by decelerating the fluid particles by the application of a
gradual increase of the cross sectional flow area.
There are several parameters used to describe the diffuser geometry [5]. These
quantities are useful in analyzing the performance of the diffuser flow field. A simple
22
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diffuser is shown in Fig. 3.1 [20]. The geometry of the diffuser is specified by the
aspect ratio b/Wu the divergence angle 20, the length-to-width ratio L/Wi, and the
area ratio W2/Wx. The pressure recovery coefficient Cp describes the performance of
the diffuser:
Cp = , (3.1)
2pvl
where p2 is the outlet pressure, p\ is the inlet pressure, and vt is the throat velocity.
Under ideal conditions, the maximum pressure recovery coefficient CPtldeai is a function
of the geometry, and is given by
CPtideat = 1 ~ ~A~h~2 ^'^
where AR is the area ratio. The ratio of the actual pressure recovery coefficient to
the ideal pressure recovery coefficient is the diffuser efficiency 77.
V=7^ (3-3)
^p,ideal
Furthermore, the diffuser flow is characterized by the following parameters. The
throat Mach number Mt,
Mt = - (3.4)
c
where c is the speed of sound in the fluid, the throat Reynolds number Ret ,
r =m (3.5)
and the throat blockage Bt ,
B> = w (3-6)
where
8* is the displacement boundary layer thickness
rS
(1
Vt
s'=l!ii-v)dv- <3-7'
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Figure 3.1: Diffuser Geometry
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3.2 Diffuser Stall
The concept of the boundary layer was first presented by Ludwig Prandtl(1875-
1953) [13, 15] in 1904. Fig. 3.2 shows the Prandtl boundary layer concept over a
surface. It shows the effect on the velocity profile of frictional drag leading to the
transition to stall and flow reversal. The impact of these ideas on the field of fluid
mechanics has been truly profound in allowing the solution of otherwise intractable
viscous flow problems. Perhaps of equal significance is a "non-boundary layer" re
gion in which the flow may be analyzed by the methods of ideal fluid flow. Thus the
boundary layer theory has brought to fluid mechanics an organized approach to a field
of engineering that might otherwise have remained the highly theoretical province of
the mathematician.
In boundary layer flow, the forces and accelerations in the direction normal to the
boundary surface are negligible. By reduction of the Navier-Stokes equations, we get
the boundary layer equation:
du du du dp d2u . .
dt dx dy pdx dy2
With boundary layer conditions:
u(x, 0, t) = 0; v(x, 0, t) = 0; u{x, oo, t) = U(x, t) (3.9)
For a flow regime considered to be two-dimensional and steady, at the wall:
'd2A
-dP-,r = J^);(d^) =dl (3.10)
\dy2Jy=0
'
\dy)'
\dy ) y=Q dx
Let us first consider a case in which the pressure is decreasing in the mainstream
direction (a favorable pressure gradient), that is,
%<, (,n,
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Figure 3.2: Prandtl's Boundary Layer Concept
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Figure 3.3: Profiles in a Favorable and an Adverse Pressure Gradient
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In such case Eq. 3.10 indicates that the shear stress tends to decrease from its
value at the wall to lesser values in the nearby flow. It is known, by the boundary
layer hypothesis, that the shear stress approaches zero at the outer edge of the bound
ary layer, and therefore it may be deduced that the shear stress in this case decreases
monotonically with distance from the wall. Because the shear stress is steadily de
creasing in the boundary layer, for dp/dx < 0, the velocity gradient is also maximum
at the wall and steadily decreases with y. The velocity therefore begins at zero at
the wall ( the no-slip condition ) and increases in the boundary layer until, at the
outer edge, it matches the local free stream value, Ue. This increase is at a steadily
decreasing rate until, eventually, du/dy reaches zero at the boundary layer edge. This
behavior is illustrated in Fig. 3.3. In this case, a boundary layer separation will not
occur [13].
Now consider a case in which the pressure is increasing in the mainstream direction
(an adverse pressure gradient). With dp/dx > 0, the shear stress increases near the
wall, according to Eq. 3.10. In the free stream, it must still approach zero; thus it
is a necessary condition that if dp/dx > 0, the shear stress must reach a maximum
at some point within the boundary layer. In the region of the boundary layer, where
shear stress is increasing, the velocity increases from zero at the wall at an increasing
rate. At the point of maximum shear stress, however, the rate of velocity increase in
the boundary layer begins to decrease until, at the boundary layer edge, it approaches
zero. The velocity gradient,
\dy2Jy=Q {<0 y = 8
So in 0 < y < 8 , there is a point in which (jz%) = 0. This point is the point of
separation of a boundary layer. This is also a point of zero wall shear stress. This
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behavior is illustrated in Fig. 3.3 [13].
In the diffuser, the development of the turbulent boundary layer has a significant
impact on the diffuser performance. If the turbulent boundary layer is too thick and
creating a large throat blockage, separation will occur near the inlet of the diverging
section. The fluid particles decelerate near the wall region under the effect of an
increasing pressure gradient and reduced transverse momentum transfer. As the
fluid progresses through the diffuser, excessive blockage occurs reducing the diffuser
efficiency. In turbopumps operating at off-design flow rates, this lack of turbulence
intensity and increased frictional drag creates the environment for flow separation.
Referring to Fig. 3.4 there are four major regions of stall: the no appreciable
stall area, large transitory stall area, fully developed two-dimensional stall area and
the jet flow area. Small diverging angles and area ratios characterize the area of no
appreciable stall, with the flow steady and symmetric with no visible disturbances.
However, on the microscopic level, there is an appearance of very small stall bubbles
continually regenerated and destroyed on the diverging walls. The formation of large
stall regions near the diffuser throat causing large fluctuations in the pressure field
characterizes the large transitory stall region. A large stationary stall bubble that
grows from the diffuser throat along the wall characterizes two-dimensional stall. This
creates a thick turbulent blockage area at the diffuser exit. The formation of stall
regions on both diffuser walls, with a continuing steady flow along the centerline,
characterizes the jet flow region.
Transitory stall in diffusers is a phenomenon of internal flow that is unsteady and
very difficult to predict. In these unsteady flows, the maximum pressure recovery at
constant diffuser length-to-width ratio, L/Wl, is achieved as transitory stall starts
CHAPTER 3. PRINCIPLES OF DIFFUSERS 29
to develop [1]. Transitory stall was first recognized as a result of flow visualization
experiments. The most useful contributions to this topic were made by Reneau, et
al [14], who developed the pressure recovery chart Fig. 3.4, and by Fox and Kline [4],
who performed diffuser flow regime studies Fig. 3.5. The pressure recovery chart
shows how peak pressure recovery occurs right at the onset of the large transitory stall
region. The Flow Regime Chart developed by Fox and Kline is useful in predicting
stall for different diffuser geometries. The chart bases its findings on the diffusers
geometry, characterized by N/W\ and 29.
The MK49-F turbopump diffuser's geometry can be located on the Flow Regime
Chart in the no appreciable stall region near the line a-a of Fig. 3.5. However, this
chart is useful for predicting stall in diffusers at the design flow rates with no incidence
angle effects. The incidence effects are introduced as the flow enters the diffuser at
off-design flow rates, in the MK49-F turbopump.
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Chapter 4
Boundary Layer Control
Deep engine throttling requires the turbopump to operate over a wide range of flow
rates. But currently, turbopumps are designed to operate efficiently for a given flow
output. Rocketdyne found that operating the single stage Water Tester at off-design
flow rates led to stall related instabilities. It was observed that when the Water Tester
pump was throttled, a sharp drop in pressure head resulted. This drop in head was
attributed to the development of stall in the diffuser crossover section.
Because of the flow separation and stall in the vaned diffuser, the turbopump
design with vaned diffuser did not perform efficiently at off-design flow rate, such
as the MK49-F turbopump. The reduction or elimination of flow separation within
diffusers has been investigated. One approach that has been widely used for correcting
flow separation is boundary layer control by suction and blowing.
The boundary-layer control by suction or blowing has been studied theoretically
and experimentally in flows over flat plates and through pipes. These techniques
are an attempt to control the excessive growth of the boundary layer which leads
to flow separation. Several of these studies have shown that these techniques can
31
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be used effectively to improve diffuser performance. Ball [2] studied the effects of
wall suction and blowing on the performance of two- and three-dimensional diffusers.
He showed that small amounts of wall suction or blowing upstream of the separa
tion point can improve the diffuser performance. Nelson and Hudson [12] provided
guidelines for the design of low suction, axially symmetrical, contoured-wall diffusers.
Stepanenko [17] experimentally demonstrated best performance effects with suction
through a slot located near the inlet cross section of the diffuser. Fujimoto et al. [6]
also investigated the performance of two-dimensional diffusers with suction at the en
trance, which showed that the suction is an effective way to eliminate flow separation.
Yang [21] investigated the feasibility of designing separation-free axially symmetrical,
short curved-wall, sub-sonic diffusers utilizing suction through slots. They showed
that with the suction rates of 6 to 12 percent of inlet flow, separation can be pre
vented.
The effect of suction consists in the removal of decelerating fluid particles from
the boundary layer before they cause stall or separation. In this thesis, the boundary
layer control by suction has been studied.
Chapter 5
Finite Element Methods
5.1 Objective
The finite element method is a generally applicable method for getting numerical
solutions. Problems of stress analysis, heat transfer, fluid flow, electric fields, and
others have been solved by finite elements. In practice, most problems are too com
plicated for a closed-form mathematical solution. The finite element method is the
most versatile method to provide a numerical solution. It breaks the particular region
of interest into small geometric regions called finite elements and replaces the partial
differential equations which govern the region with ordinary differential equations.
These regions are linked together through common boundary conditions and solved
as a large system of equations using matrix algebra.
33
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5.2 Procedure For Solving Fluid Flow Problem
The finite element method is a numerical procedure for solving a continuum mechanics
problem with an accuracy acceptable to engineers. The finite element method has
been successfully applied to fluid flow problems. It reduces the continuous problem of
the Navier-Stokes equations and the transport equations of turbulent kinetic energy
and viscous dissipation, each having an infinite number of degrees of freedom, to a
discrete problem, with a finite number of decrees of freedom, described by a system of
algebraic equations. There are five steps: (1) Discretion of the domain, (2) Derivation
of the element equations, (3) Assembly of the global equations, (4) Imposition of
boundary conditions, and (5) Solution of assembled equation.
The finite element analysis begins with the division of the continuum region of
interest into a number of simply shaped regions called elements. An Eulerian ap
proach [3] was used to describe the fluid motion; elements are assumed to be fixed
in space. Within each element, the dependent variables ui7 p, T, k and e are in
terpolated by functions of compatible order, in terms of values to be determined
at a set of nodal points. For purposes of developing the equations for these nodal
point unknowns, an individual element may be separated from the assembled system
(discretion). The dependent variables are approximated by,
Ui(x,t) = fTVi{t)
p(x,t) = ^TP(t)
T(x,t) = vTT(t)
k(x,t) = VTK(t)
e(x,t) = </E(t) (5.1)
CHAPTER 5. FINITE ELEMENT METHODS 35
where Uj, P, T, K, and E are column vectors of element nodal point unknowns
and tp, */>, and v are column vectors of the interpolation functions. Substituting
these approximations into the Navier-Stokes equations and the transport equations
for kinetic energy and viscous dissipation yields a set of equations:
fi((p, ip,v, Uj, P, T) = Ri Momentum
f2(ip,Ui) = R2 Icompressibility
f3(v,v,\JuT) = R3 Energy
fA(<p,ip,v,UuT,K,E) = R4 Transport-k
f5(<p,ip,v,Ui,T,K,E) = R5 Transport-e
(5.2)
where R\, R2, R3, R4 and R5 are the residuals or errors resulting from the approxi
mations above.
The Galerkin of the Method of Weighted Residuals seeks to reduce these errors
to zero, in a weighted sense, by making the residuals orthogonal to the interpolation
functions of each element. These orthogonality conditions are expressed by,
(/2,V0 = (#2,</0 = o
(h,v) = (R3,v) = 0
(/4,>) = (fl4,>) = 0
(/5,^) = (i?5,^) = 0 (5.3)
where (a, b) denotes the inner product, defined by,
(a,b)= f a-bdV (5.4)
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V being the volume of the element.
The results of these computations can be expressed by the following finite system
of nonlinear ordinary differential equations:
ku k\2 k\2 fcl2 -cx 0 0
k2\ k22 k22, k2A -c2 0 0
hi fo2 hz hi -c3 0 0
0 0 0 k\ 0 0 0
-cl
-CT -cj 0 0 0 0
0 0 0 0 0 ^66 0
0 0 0 0 0 0 k7
MO 0 0 0 0 0
0 M 0 0 0 0 0
0 0 M 0 0 0 0
0 0 0 N 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 M 0
0 0 0 0 0 0 M
u2
U3
T
P
K
v
E ;
^u^
u2
u3
f
p
K
V
^ J
F2
F,
F,
0
F6
F7
+
\r7 j
The sub-matrices M, N, d, ki3 ku and Ft are defined by:
M
N
Ci
k
/ pipipTdVJv
/ pvvTdVJv
-I dxi
d<pd(pT
(5.5)
(5.6)
Jv d2Xi
dV
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/ pcpiij^(pTdV + / Xip<pTdv
^66 = / pujipipTdV + / (pipTdv + / p-ip(pTdvJv Jv 0^ Jv k
^77 = / pUjipipTdV + j ipipTdv+ j pc2-ipipTdvJv Jv ae Jv k
[d^
dipT
*"" = Jv^dx-^x-dV
kl4 = / pPgitpipTdvJv
F = f a^dS + / pjxdV + f p(l + gzPT0)<pdVJs Jv
F4 = - / \<pds + [ qsipdV + [ pipipdV (5.7)Js dn Jv Jv
Each of the above integrals are evaluated using an isoparametric map and the nu
merical quadrature procedure. The matrix equation represents the discrete analog of
the Navier-Stokes equations and the transport equations for turbulent kinetic energy
and viscous dissipation for an individual element.
Chapter 6
FIDAP Implementation
6.1 Introduction to FIDAP
As previously discussed, flow patterns inside a turbopump are quite complex. Both
these engineers and researchers are using advanced computational techniques to an
alyze the nature of flow patterns in a turbopump. In this project, FIDAP(Fluid
Dynamics Analysis Package), was used to analyze regions of stagnation, flow sepa
ration, and secondary flow patterns in the vaned diffuser. These predictions will aid
in the development of improved diffuser or turbopump performance for the engine
deep-throttling technology.
FIDAP is a computational tool that allows the modeling and solution of fluid flow
problems. It uses the finite element method to simulate a wide variety of incompress
ible fluid flow problems [3].
The modeling and solution process for a fluid flow problem using the FIDAP
computer code is a three step undertaking. The steps consist of the preprocessing
program FIPREP, the solution program FIDAP, and the post-processing program
38
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FIPOST.
The FIPREP program facilitates the creation of the flow geometry and allows the
input of the physical properties necessary to the particular problem under analysis.
The FIDAP program takes each element in the fluid flow and applies the governing
equations of motion for specific flow case.
The FIPOST program is the post-processor for the solved data. It allows the
graphical display of output field variables. It is also capable of computation and
graphical, display of derived output quantities. The post-processor is 3D capable in
providing a view of mess, velocity, and contour plots.
The minimum recommended hardware requirement for FIDAP are [3]:
Table 6.1: Hardware Requirement
2-D problem 3-D problem
Memory 8Mb 16Mb
Scratch Disk Space 10-75Mb 50-300Mb
6.2 Mesh Generation
In using FIDAP, generating a fine mesh is the first step and the most important cri
teria for providing a realistic and converging solution. A smooth spatial distribution
of nodal points is required throughout the entire flow domain. In a typical turbulent
flow problem, the k - e fields undergo much sharper spatial variations and involve
considerable^ more detailed features than the mean flow variables(velocity ,). These
areas are near the inlet and the wall. The kinetic energy-dissipation turbulence model
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is a high Reynolds number turbulence model, in the modeling of wall boundary flows,
it must be used in conjunction with a near-wall model that bridges the gap between
the fully turbulent region beyond the buffer layer and the viscous sub-layer. FIDAP
uses a near-wall modeling methodology that uses specialized shape functions to ac
curately capture the sharp variations found in the viscosity-affected near-wall region.
To accurately use the near-wall model, the y+ value must be between 30-300 in wall
region.
6.3 Non-dimensionalization
FIDAP has the capability of solving the governing equations in dimensionless form.
Obtaining numerical solutions to complex three-dimensional flow problem can be
difficult due to the limited space available within computers to represent numbers
internally, especially when thin boundary layers occur. Dimensionless formulation of
problems has many significant advantages.
Scaling the fundamental variables with respect to characteristic values and con
structing dimensionless parameters provides a measure of the relative importance of
the various terms in the equations and identifies the dominant physical phenomena.
This in turn allows an estimate of the difficulty of the problem and gives insight
into meshing requirements as, for example, when thin boundary layers occur. Non-
dimensional formulation can sometimes result in a reduction of the large differences
in orders ofmagnitude that can occur between terms in an equation. It also facilitates
the performance of parametric studies through the variation of a single parameter.
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6.4 Element Selection
Choices of particular elements is one of the most important thing in a finite ele
ment method. Elements for fluid flow are usually categorized by the combination of
velocity-pressure approximation used in the element.
The elements chosen were eight-node bricks and four-node quadrilaterals for near-
wall elements. The eight-node brick elements use trilinear interpolation functions
to approximate the velocity components. These types of elements allow a quicker
solution which is important in solving for the six unknowns at each node for a three-
dimensional turbulent problem of this nature.
6.5 Periodic Boundary Condition
Many flow fields exhibit spatial periodicity. Similarly there are geometries which
exhibit cyclic symmetry. In such situations it is more economical to solve for the
repetitive portion of the flow rather than the entire flow field. The BCPERIODIC
command is used to specify boundary conditions at the boundaries of such a reduced
domain by requiring that the solution at some point on the boundary be the same
as the solution at another point on the boundary [3]. The current implementation of
periodic boundary condition in FIDAP allows two types of periodicity: either only
the velocity degrees of freedom are periodic or the solution for all the degrees of
freedom at a periodic node n are forced to be identical to those at its reference node
nref. The only exception to this approach is the pressure degree of freedom when a
discontinuous pressure approximation is employed.
Periodic boundary conditions can be applied to general boundary nodes as well
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as nodes belonging to SLIP boundary elements. The ability to specify the nodes of
one SLIP boundary entity(or element group) to be periodic to the nodes of another
SLIP boundary entity(or element group) allows more general spatial periodicity to
be specified as the periodic surface no longer need to be parallel to each other. But
the normal velocity degree of freedom at one surface be equivalenced to the negative
value of normal velocity degree of freedom at the corresponding node on the other
surface.
6.6 Inlet and Boundary Conditions
On each segment of the boundary of the computational domain, it is necessary to
prescribe appropriate boundary conditions. The inlet and boundary conditions for
velocity, turbulent kinetic energy and turbulent dissipation were dictated by the na
ture of the model. the inlet velocity was obtained from the mass flow rate at the
model's inlet.
m = puA (6.1)
The velocity of each suction slit was obtained by using the percentage reduction
in mass flow rate and area.
msuction% = Pusuction%Aslit (6-2)
The values for kinetic energy and dissipation were found using the equations pro
vided by R. Martinuzzi and A. Pollard for turbulent pipe flow.
k = 0.005^
e = Cuk2/0.03lc (6.3)
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6.7 Solution Technique
The solution procedures employed in FIDAP can be categorized into two groups de
pending on whether the steady-state or transient flow equations are to be solved. A
steady-state solution was obtained in this thesis. Several solution methods are avail
able in FIDAP for solving the nonlinear system ofmatrix equations arising from Finite
Element Method discretization of the flow equations. The solution method used for
this problem was the segregated algorithm which solves each conservation equation
separately in a sequential manner. The segregated solution algorithm decomposes
the global system matrix into smaller sub- matrices each governing the nodal un
knowns associated with only one conservation equation. These smaller sub-matrices
are solved in a sequential manner using either Gaussian elimination or conjugate
gradient schemes.
The other solution methods available in FIDAP use the fully coupled approach
which requires the formation of the global system matrix. This global system matrix
includes all the unknown degrees of freedom associated with the discretion problem.
This is cost-effective method for two-dimensional problems, but for three-dimensional
problems the peripheral storage required for the global system matrix can become
excessive. The available computer resources (CPU and peripheral disk storage) are
overcome by the immensity of this problem.
Chapter 7
MK49-F Diffuser Model
7.1 Geometry and Exact Periodic Boundary Con
dition
The MK49-F High Pressure Liquid Hydrogen Turbopump was developed by the Rock
etdyne Division of Rockwell International. The MK49-F Turbopump uses 17 contin
uous crossover passages between each impeller stage. Fig. 1.3 shows the individual
diffuser crossover section enlarged and dimensioned. Based on this information, a
three-dimensional vaned diffuser with vaneless diffuser (shown in Fig. 7.1) has been
modeled.
From Fig. 7.2, an exact periodic boundary condition can be obtained, if the pa
rameters satisfy the following constrains.
If w is width of throat at input, d is the diameter of conjunction, 0O = 2tt/17,
then 9 and W are
9 = tt - 0O, W = w + d,2" 2'
44
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Figure 7.1: Mesh of MK49-F
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and
h = W tan 0/2, r = W/2cos9, 9X = 92 = i0o
Because for R0, Rx, w0, they have to satisfy
{R0 + w0)2 = r2 + R2,
which means only two of R0, Rx, vj0 can be freely selected.
After knowing w, d, r, h, 9, 6\, 92 R0, Rx, w0, the geometry can be constructed
so that the exact periodic boundary condition is satisfied(see Fig. 7.2).
7.2 Mesh and y+ Value
To model the MK49-F diffuser, the first important step is to generate a fine mesh.
The MK49-F diffuser mesh is shown in Fig. 7.1. A smooth spatial distribution of
nodal points is through out the entire flow domain. The mesh in the more interesting
area, such as in the diffuser upcomer area, is denser than in other areas. The mesh
is made denser toward the wall.
To accurately use the near-wall model, the y+ value is very important. The y+
value for this diffuser model is between 30-300 in wall region. The y+ value in the
correct region proved the mesh of the diffuser model is fine.
7.3 Flow Conditions
The MK49-F turbopump was designed to move 436 GPM of liquid hydrogen through
its 17 diffusers. This corresponds to an inlet flow rate of 25.65 GPM per diffuser.
Table 7.1 shows the flow conditions of MK49-F diffuser at impeller discharge.
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Table 7.1: Flow Conditions of MK49-F Diffuser at im
peller discharge (Vaneless diffuser inlet)
minient (kg/sec) Re V2m (m/sec) V2d (m/sec)
100% 3.9771 10"4 3.0743 105 29.348 517.713
60% 2.3863 10~4 1.8446 105 17.609 540.045
20% 7.9542 10"5 6.5217 104 6.2308 553.430
7.4 Suction
In this diffuser, the flow separates along the bottom wall. As a result, suction was
applied at the bottom of the diffuser in an attempt to suck the boundary layer. The
fluid was removed at a 37.5 angle from the diffuser centerline at each of the six slits.
The fluid across the six slits was uniform. The slits were positioned along the wall
of the diffuser such that they were shorter in flow direction and ran the width of the
diffuser from the shroud-side to the hub-side (Fig. 7.3). The slits were positioned
near the diffuser inlet in order to remove the decelerating particles, as was suggested
by the previous works by Wissinger [19] and Yoshida [22]. The slits are 2 mm in
width and are placed 1.25 cm apart. It was found that modeling suction slits in other
configurations suggested in the literature search was difficult using FIDAP. Tab. 7.2
shows the slit boundary conditions for each model.
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Figure 7.3: MK49-F Diffuser Suction Slits
Table 7.2: Slit Boundary Conditions
Flow Condition Suction Rate Suction Flow (kg/sec) Vx (m/sec) Vy (m/sec)
3% 7.1589 10"6 0.132 0.102
60% 7% 1.6704 10-5 0.310 0.238
10% 2.3863 10-5 0.444 0.340
3% 2.3863 10~6 0.0467 0.0361
20% 7% 5.5679
10-6 0.110 0.084
10% 7.9542 10~6 0.157 0.120
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7.5 Solution Technique
In this diffuser model, the non-dimension parameters are used. The vaneless diffuser
inlet width was chosen as the characteristic length and the velocity across this width
was chosen as the inlet fluid velocity. To specify a non-dimensional model, the FIDAP
input file set the fluid density to unity and the viscosity to 1/Re. This invokes the
non-dimensional Navier-Stokes equations for solving the problem.
The solution method used for this problem was segregated algorithm which solves
each conservation equation separately. The segregated solution algorithm was de
signed to address large-scale simulations which avoids the direct formation of a global
system matrix. The segregated solution approach for this problem accounted for the
limit in storage requirement due to the formation of the large global system matrix.
However, the execution times are substantial due to the sequential nature of the
segregated solver, which requires more iterations to reach convergence.
As a turbulence model, the k e turbulence model was used. In this model, the
turbulence field is characterized in terms of two variables, the turbulent kinetic energy
k and the viscous dissipation rate of turbulent kinetic energy e.
Chapter 8
Results and Discussion
8.1 MK49-F High Pressure LH2 Turbopump Dif
fuser
In this thesis, the MK49-F turbopump diffuser with the vaneless diffuser was modeled
using FIDAP to determine the condition for flow separation and diffuser stall with
LH2 as the working fluid. Suction was applied through the bottom wall of the vaned
diffuser and has been tested to determine the effectiveness of boundary layer control
in eliminating the onset of flow separation and to improve the diffusion process in the
turbopump.
Based on the previous research and study (Wissinger [19] and Yoshida [22]), it was
determined that an off-design flow rate of 60% was adequate in providing conditions
for flow separation. Although flow separation was observed at flow rates above 60%
of design flow rate, it was not always obvious where the flow separation was occurring
due to the three-dimensional nature of this problem. The 60% of design flow situation
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was modeled with suction rates of 3, 7 and 10% of the inlet mass flow rate. In order
to determine the magnitude at lower flow rates flow separation, a 20% of design flow
with suction rates of 3, 7 and 10% of the inlet mass flow rate has also been studied.
8.1.1 Design Flow
To get a better understanding of the MK49-F turbopump diffuser, it is necessary to
study MK49-F turbopump diffuser in design flow rate condition. The design flow
rate case also has been used as a baseline for future comparison. The kinetic energy
(Fig. 8.1), dissipation (Fig. 8.2), and vorticity (Fig. 8.3) contour plots are included
for flow verification. The majority of the kinetic energy is generated at the top and
bottom surfaces near the shroud and hub side walls, with a corresponding amount of
dissipation in the same areas. The vorticity of fluid is an indication of the shear rate
between the layers of fluid. The vorticity is higher along the shroud and hub side
walls near the top surface of the diffuser. The vorticity is lower on the bottom of the
diffuser.
The velocity vector plot on the symmetry plane (Fig. 8.4) shows that the maxi
mum velocity is at the centerline. The fluid is slowed down when it is close to the
wall. The clearer view of the two-dimensional view of symmetry plans (Fig. 8.5) and
the two-dimensional view of velocity at outlet on symmetry plane (Fig. 8.6) show
that flow separation is not likely to occur. The two-dimensional view of the veloc
ity vector plot (Fig. 8.7) and the closeup views of the velocity vector plot on the
shroud side planes (Fig. 8.8 and Fig. 8.9) give some indications that flow separation
is occurring. Looking at the velocity vector plot on the bottom plane (Fig. 8.10),
some evidence of flow separation can be seen. The closeup view of the velocity vector
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plot on the bottom plane (Fig. 8.11) verifies that a small amount of flow separation
is occurring, apparently on the bottom layer of fluid particles near the diffuser wall.
This phenomenon was expected since previous studies ofMK49-F turbopump diffuser
with LH2 also showed separation at design flow (Wissinger [19] and Yoshida [22]).
Therefore, it is not surprising in this study that the flow separation occurs in design
flow case.
Even though flow separation is occurring due to decelerating, it is not an appre
ciable amount. In comparison to the fluid particles near the symmetry line, the fluid
particles closest to the shroud side plane have slowed down. In the presence of adverse
pressure gradient and growing boundary layer.
The pressure contour plot (Fig. 8.12) and the pressure plot along the centerline
(Fig. 8.13) indicate a relatively uniform conversion of dynamic head to static pressure
as the diffuser is traversed. From the pressure plot of the vaned diffuser inlet and
outlet (Fig. 8.14 and Fig. 8.15), the pressure recovery coefficient was calculated to be
0.63.
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Figure 8.1: Kinetic Energy Contour (Design Flow)
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Figure 8.2: Dissipation Contour (Design Flow)
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Figure 8.3: Vorticity Contour (Design Flow)
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Figure 8.4: Velocity on Symmetry Plane (Design Flow)
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Figure 8.5: 2-D View of Velocity on Symmetry Plane (Design Flow)
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Figure 8.6: 2-D View ofVelocity at Outlet on Symmetry Plane (Design Flow)
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Figure 8.7:
Flow)
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Figure 8.8: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(Design Flow)
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Figure 8.9: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(Design Flow)
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Figure 8.10: Velocity on Bottom Plane (Design Flow)
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Figure 8.11: 2-D View of Velocity at Outlet on 1.2mm Bottom Plane (Design
Flow)
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Figure 8.12: Pressure Contour (Design Flow)
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Figure 8.13: Pressure Along Centerline (Design Flow)
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Figure 8.14: Inlet Pressure (Design Flow)
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8.1.2 60% of Design Flow
In order to obtain a more detailed resolution of flow separation, the 60% of design flow
case has been studied. It has been believed that the 60% of design flow case would
provide a better look at the critical areas where the flow separation was occurring.
The kinetic energy (Fig. 8.16), dissipation (Fig. 8.17), and vorticity (Fig. 8.18)
contour plots are included for flow verification. The majority of the kinetic energy is
generated at the top and bottom surfaces near the shroud and hub side walls, with
a corresponding amount of dissipation in the same areas. The vorticity contour plot
of vorticity shows a region of higher vorticity along the shroud and hub sides wall
near the top surface of the diffuser. The lower vorticity area near the bottom of the
diffuser is bigger than the 100% of design flow case which indicates that the fluid is
slowing down due to the thick boundary layer causing the flow to be separated from
the wall.
The diffusers' symmetry plane was the first plane that was checked for flow sep
aration. The velocity vector plot of the symmetry plane (Fig. 8.19) and the more
clear view of the two-dimensional view of the velocity vector plot on symmetry plan
(Fig. 8.20 and Fig. 8.21) show that there is no flow separation present. To found
out where the flow separation was taking place, planes were cut through the diffuser
to observe the velocity vector plots. The two-dimensional view (Fig. 8.22) and the
closeup view (Fig. 8.23) of the plane cutting through the diffuser 3.05mm from the
shroud side wall show the flow separation and stall. The most graphic view of the flow
separation and stall are the velocity vector plots of the planes cutting through the dif
fuser 1.75mm from the shroud side wall and 1.2mm from the bottom wall (Fig. 8.25)
of the diffuser. The close-up view of the velocity vector plots on the shroud side plane
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(Fig. 8.24) and on the bottom side plane (Fig. 8.26) show how a pocket of stagnating
flow begins at the bottom wall and shroud side wall intersection, and then increases
in size and intensity as flow separation builds.
Because of the flow separation, the static pressure recovery will not be as high as
expected. The pressure contour plot (Fig. 8.27) indicates a large variation or pressure
gradient across the turning channel. The pressure plot along the centerline (Fig. 8.28)
shows a gradual approach to the total recovery obtained by the diffuser. The pressure
recovery coefficient is 0.56, which is calculated from the non-dimensional pressure plot
of the diffuser inlet and outlet (Fig. 8.29 and Fig. 8.30). Comparing to the design
flow model and the ideal pressure recovery coefficient 0.866, it is apparent that the
pressure recovery attained in a throttling thrust situation will not provide desired
performance.
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Figure 8.16: Kinetic Energy Contour (60% of Design Flow)
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Figure 8.17: Dissipation Contour (60% of Design Flow)
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Figure 8.18: Vorticity Contour (60% of Design Flow)
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Figure 8.19: Velocity on Symmetry Plane (60% of Design Flow)
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Figure 8.20: 2-D View of Velocity on Symmetry Plane (60% of Design Flow)
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Figure 8.21: 2-D View of Velocity at Outlet on Symmetry Plane (60% of
Design Flow)
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Figure 8.22: 2-D View of Velocity on 3.05mm Shroud Side Plane (60% of
Design Flow)
Shroud Plane (ZOOM VIEW) MK49 60%
-3*-;
VELOCITY
VECTOR PLOT
SCALE FACTOR
0.3000E+03
REFER. VECTOR
-0.1932E+00
DMAX.VEC. PLOT
0.7357E+00
AT NODE
COLOR CODE:
VELOCITY
0.103E+01
0.902E+00
0.773E+00
0.644E+00
0.515E+00
0.386E+00
0.258E+00
0.129E+00
PLANE COEFF.S
A 0.000E+00
B 0. 000E+00
C 0.100E+01
D -.125E+01
VIEW DIRECTION
VX 0. 000E+0O
VY 0.000E+00
VZ 0.100E+01
ANG 0. 000E+00
FIDAP 7.06
14 Apr 96
16:32:05
Figure 8.23: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(60% of Design Flow)
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Figure 8.24: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(60% of Design Flow)
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Figure 8.25: Velocity on 1.2mm Bottom Plane (60% of Design Flow)
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Figure 8.26: 2-D View of Velocity at Outlet on 1.2mm Bottom Plane (60%
of Design Flow)
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Figure 8.27: Pressure Contour (60% of Design Flow)
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Figure 8.28: Pressure Along Centerline (60% of Design Flow)
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Figure 8.29: Inlet Pressure (60% of Design Flow)
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Figure 8.30: Outlet Pressure (60% of Design Flow)
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8.1.3 20% of Design Flow
In order to get a better understanding of diffuser performance at lower off design flow
rates, and to study flow separation, a 20% of diffuser design flow rate was studied.
This guaranteed that a more visible flow separation would occur, allowing for the
determination of the critical areas at low flow rates.
The kinetic energy (Fig. 8.31), dissipation (Fig. 8.32), and vorticity (Fig. 8.33)
contour plots are included for flow verification. Similar to the previous two cases,
the majority of the kinetic energy is generated at the top and bottom surfaces near
the shroud and hub side walls, with a corresponding amount of dissipation in the
same areas. As the flow rate becomes lower, the amount of the kinetic energy and
the dissipation which is generated at the top and bottom surfaces near the shroud
and hub side walls becomes less. The vorticity contour plot shows vorticity is higher
along the shroud and hub side walls near the top surface of the diffuser. The lower
vorticity level near the bottom of the diffuser indicates the flow separation will occur
in this area.
The velocity vector plot of the symmetry plane (Fig. 8.34) and the two-dimensional
view of the velocity vector plot on symmetry plan (Fig. 8.35 and Fig. 8.36) show that
there is no flow separation present. Like the 60% of design flow case, the plane cutting
through the diffuser 3.05mm from the shroud side wall has been viewed. The two-
dimensional velocity plot view (Fig. 8.37) and the closeup view (Fig. 8.38) of this
plane show the flow separation. The most graphic view of the flow separation was
obtained at the planes cutting through the diffuser 1.75mm from the shroud side wall
and 1.2mm from the bottom wall (Fig. 8.40). From these velocity vector plots, the
flow separation is not only occuring at the bottom plane of the vaned diffuser but
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also at the top plane of the vaneless diffuser. Comparing the close-up views of the
velocity vector plots on the shroud side plane (Fig. 8.39) and on the bottom side
plane (Fig. 8.41) to the same planes of 60% design flow case, there is more pocket of
stagnating flow begins at the bottom wall and shroud side wall intersection, and then
increases in size and intensity as flow separation builds up.
Because the amount of the flow separation and diffuser stall in this case is more
than 60% of design flow case, the static pressure recovery is not as high, which can
been viewed from pressure contour plot (Fig. 8.42) and the pressure plot along the
centerline (Fig. 8.43). The pressure recovery coefficient is 0.50, which is calculated
from the non-dimensional pressure plots of the diffuser inlet and outlet(Fig. 8.44 and
Fig. 8.45). The pressure recovery coefficient for this flow case is substantially lower
than those for the design flow case and 60% of design flow case.
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Figure 8.31: Kinetic Energy Contour (20% of Design Flow)
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Figure 8.32: Dissipation Contour (20% of Design Flow)
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Figure 8.33: Vorticity Contour (20% of Design Flow)
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Figure 8.34: Velocity on Symmetry Plane (20% of Design Flow)
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Figure 8.35: 2-D View of Velocity on Symmetry Plane (20% of Design Flow)
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Figure 8.36: 2-D View of Velocity at Outlet on Symmetry Plane (20% of
Design Flow)
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Figure 8.37: 2-D View of Velocity on 3.05mm Shroud Side Plane (20% of
Design Flow)
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Figure 8.38: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(20% of Design Flow)
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Figure 8.39: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(20% of Design Flow)
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Figure 8.40: Velocity on 1.2mm Bottom Plane (20% of Design Flow)
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Figure 8.41: 2-D View of Velocity on 1.2mm Bottom Plane (20% of Design
Flow)
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Figure 8.42: Pressure Contour (20% of Design Flow)
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Figure 8.43: Pressure Along Centerline (20% of Design Flow)
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Figure 8.44: inlet Pressure (20% of Design Flow)
80
Outlet Pressure MK49 20% COORDINATE VS.
VARIABLE PLOT
0.79964 -
PRESSURE
LINE
0.75605 - DEFINITION
PRES. POINT
(X10- 1) XO
0.250E+02
YO 0.550E+02
0.71246 -
ZO O.OOOE+00
DIRECTION
X 0.0000
Y 1.0000
0.66887 -
Z 0.0000
0.62529 -
0.58169 -
-1.92253 -1.08253 -0 24253 0.59747 1.43747 2.27747
FIDAP 7.06
14 Apr 96
COORDINATE 22:24 :44
Figure 8.45: Outlet Pressure (20% of Design Flow)
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8.2 Suction
To improve the diffuser performance and obtain a higher pressure recovery coefficient
for these flow cases, suction was applied through a series of slits on the bottom side
of the diffuser (as shown in Fig. 7.3). The suction was done through the six slits at
an angle of 37.5, relative to the diffuser centerline. The width of each slit is 2mm in
length along the diffuser width.
8.2.1 60% of design flow with different suction flow rates
The first case for applying suction is the 60% of design flow case. Suction rates of
3%, 7% and 10% of diffuser inlet mass flow rate have been studied. Following are
these results.
3% Suction at 60% of Design Flow
The suction rate of 3% of the inlet mass flow rate through the six slits had a
horizontal velocity component of 0.132m/s and a vertical component of 0.102m/s as
boundary conditions (See Tab. 7.2).
The kinetic energy (Fig. 8.46), dissipation (Fig. 8.47), and vorticity (Fig. 8.48)
contour plots are included for flow verification. The area of greatest kinetic energy
and corresponding dissipation have shifted from the shroud and hub side walls, where
the boundary layer effects have the greatest impact, to the areas near the suction slits
where turbulence is generated due to the exiting flow. The vorticity is lower at the
bottom and top surfaces near the shroud and hub side walls, and is higher near the
center area of the vaned diffuser. From the vorticity contour plot, the flow separation
is not likely to happen near the bottom area of the diffuser.
From the velocity vector plots on the diffuser symmetry plane (Fig. 8.49 ,Fig. 8.50
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and Fig. 8.51), the flow separation is not occurring. Then look at the velocity vec
tor plots on a plane which is 3.05mm from diffuser shroud side wall (Fig. 8.52 and
Fig. 8.53), there is also no sign of the flow separation. From the previous analysis,
the critical areas where flow separation was the most likely to occur, were on a plane
1.75mm from the shroud side wall and a plane 1.2mm from the bottom wall (Fig. 8.55)
of diffuser. The velocity vector plots of these planes (Fig. 8.54 and Fig. 8.56) show
no sign of flow separation. From these velocity vector plots, it appears that there is
no occurrence of flow separation at the off-design flow rate of 60% with the use of 3%
suction.
The velocity vector plot at the outlet near the shroud side wall (Fig. 8.53) shows
significant improvement compared with the same velocity vector plot at the off-design
flow case of 60% (Fig. 8.23). There is even an improvement over the design flow case
(Fig. 8.8) as the decelerated fluid particles near the bottom are eliminated. The
velocity vector plot at the outlet near the bottom of the diffuser (Fig. 8.56) also
shows significant improvement over the same plot at the off-design flow case of 60%.
(Fig. 8.23).
The pressure contour plot (Fig. 8.57) and the pressure plot along the diffuser
centerline (Fig. 8.58) indicate a relatively uniform conversion of dynamic head to
static pressure as the diffuser is traversed. From the plot of non-dimensional pressure
at the diffuser inlet and outlet (Fig. 8.59 and Fig. 8.60), the pressure recovery is
calculated to be 0.68. The pressure recovery coefficient for this flow case with 3%
suction is significantly greater than the off-design flow case without suction (0.56).
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Figure 8.46: Kinetic Energy Contour (60% Flow/3% Suction)
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Figure 8.47: Dissipation Contour (60% Flow/3% Suction)
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Figure 8.48: Vorticity Contour (60% Flow/3% Suction)
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Figure 8.49: Velocity on Symmetry Plane (60% Flow/3% Suction)
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Figure 8.50: 2-D View of Velocity on Symmetry Plane (60% Flow/3% Suc
tion)
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Figure 8.51: 2-D View of Velocity at Outlet on Symmetry Plane (60%
Flow/3% Suction)
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Figure 8.52: 2-D View of Velocity on 3.05mm Shroud Side Plane (60%
Flow/3% Suction)
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Figure 8.53: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(60% Flow/3% Suction)
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Figure 8.54: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(60% Flow/3% Suction)
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Figure 8.55: Velocity on 1.2mm Bottom Plane (60% Flow/3% Suction)
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Figure 8.56: 2-D View of Velocity on 1.2mm Bottom Plane (60% Flow/3%
Suction)
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Figure 8.57: Pressure Contour (60% Flow/3% Suction)
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Figure 8.58: Pressure Along Centerline (60% Flow/3% Suction)
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Figure 8.59: Inlet Pressure (60% Flow/3% Suction)
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Figure 8.60: Outlet Pressure (60% Flow/3% Suction)
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7% Suction at 60% of Design Flow
At 3% suction rate, although there is no flow separation. In order to determine
the best suction rate for the diffuser to perform most efficiently, the suction rate was
increased to 7% and was applied through the same series of slits on the bottom surface
of the diffuser. This rate provided a horizontal velocity component of 0.310 m/s and
a vertical velocity component of 0.238 m/s as boundary conditions (See Tab. 7.2).
The kinetic energy (Fig. 8.61), dissipation (Fig. 8.62), and vorticity (Fig. 8.63)
contour plots are included for flow verification. Similar to the 3% suction at 60% of
design flow case, the areas of greatest kinetic energy generation and the corresponding
areas of dissipation have shifted from the shroud and hub side wall to the bottom
side of the diffuser where turbulence is generated by the suction of fluid particles.
The vorticity is an indication of the viscosity present in the fluid. The vorticity of
this case is also similar to the 3% suction at 60% of design flow case. The vorticity is
lower at the bottom and top surfaces near the shroud and hub side walls.
Looking at the velocity vector plots on the diffuser symmetry plane (Fig. 8.64,
Fig. 8.65 and Fig. 8.66), there is no evident of flow separation. Then look at the veloc
ity vector plots on a plane which is 3.05mm from diffuser shroud side wall (Fig. 8.67
and Fig. 8.68), there is also no sign of the flow separation. The velocity vector plots
on a plane of 1.75mm from the shroud side wall and a plane of 1.2mm above the
bottom side wall of diffuser (Fig. 8.69, Fig. 8.70 and Fig. 8.71) also show no sign of
flow separation.
Through the analysis of these velocity vector plots of both 3% suction and 7%
suction with 60% of design flow rate, it can be concluded that there is no occurrence
of flow separation, and suction can be considered as an effective method to achieve
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this. But one must also ask if suction improve the diffusion process? To answer this
one must review the pressure plots.
The pressure contour plot (Fig. 8.72) and the pressure plot along the diffuser
centerline (Fig. 8.73) indicate a relatively uniform conversion of dynamic head to static
pressure as the diffuser is traversed. From the plots of non-dimensional pressure at the
diffuser inlet and outlet (Fig. 8.74 and Fig. 8.75), the pressure recovery is calculated
to be 0.63. The pressure recovery coefficient for this flow case with 7% suction is
greater than the off-design flow case without suction (0.56).
As a point of comparison, it seems that a suction rate between 3 and 7% would
eliminate flow separation of the diffuser. Both 3 and 7% suction of the inlet mass
flow rate do a very good job of removing the decelerating fluid particles that create
the thick boundary layer, but suction at 3% of the inlet mass flow rate gives a better
diffuser efficiency.
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Figure 8.61: Kinetic Energy Contour (60% Flow/7% Suction)
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Figure 8.62: Dissipation Contour (60% Flow/7% Suction)
94
Vorticity Contour MK49 60%-7% VORTICITY
CONTOUR PLOT
LEGEND
-- 0.6000E+00
0.1800E101
- 0.3000E+01
0.4200E+01
- 0.5400E+01
0 .6600E+01
..
m ^^
0 . 1020E+02
0.1140E+02
\\ A
i3
MINIMUM
0.00000E+00
MAXIMUM
0. 17743E+02
rt __ /
VIEW DIRECTION
VX - .150E+01
VY 0.100E+01
VZ 0.150E+01
ANG 0.245E+03
^ * FIDAP 7.0614 Apr 9618:09 :02
Figure 8.63: Vorticity Contour (60% Flow/7% Suction)
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Figure 8.64: Velocity on Symmetry Plane (60% Flow/7% Suction)
95
Symmetry Plane (NORMAL VIEW) MK49 60%- 7% VELOCITY
VECTOR PLOT
SCALE FACTOR
0. 1000E+03
REFER. VECTOR
0.6185E+00
MAX.VEC. PLOT 'D
0. 1226E+01
AT NODE 0
COLOR CODE:
VELOCITY
ML 0.110E+01
0.962E+00
0.825E+00
0.687E+00
0.550E+00
0.412E+00
0.275E+00
0.137E+00
PLANE COEFF.S
A 0. 000E+00
B 0. 000E+00
C 0.100E+01
D -.500E-01
VIEW DIRECTION
VX O.OOOE+00
VY 0.000E+00
VZ 0.100E+01
ANG O.OOOE+00
FIDAP 7.06
14 Apr 96
18:09:07
Figure 8.65: 2-D View of Velocity on Symmetry Plane (60% Flow/7% Suc
tion)
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Figure 8.66:
tion)
2-D View of Velocity on Symmetry Plane (60% Flow/7% Suc-
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Figure 8.67: 2-D View of Velocity on 3.05mm Shroud Side Plane (60%
Flow/7% Suction)
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Figure 8.68: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(60% Flow/7% Suction)
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Figure 8.69: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(60% Flow/7% Suction)
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Figure 8.70: Velocity on Bottom Plane (60% Flow/7% Suction)
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Figure 8.71: 2-D View of Velocity at Outlet on 1.2mm Bottom Plane (60%
Flow/7% Suction)
Pressure Contour MK49 60%-7% PRESSURE
CONTOUR PLOT
LEGEND
--
-.6300E-01
-
.4900E 01
01
- 01
-
. 7000E-02
0 .7000E-02
||.2]M
^^^' ^"\
^T^L ~>r\ I >i<N \
-- 0.6300E-01
MINIMUM
-0.32770E+01
MAXIMUM
0.32770E+01
^-^j"^^S^T
\ x '^^^%J(j
VIEW DIRECTION
VX - -150E+01
VY 0.100E+01
VZ 0.150E+01
ANG 0.245E+03
*3
t
FIDAP 7.06
14 Apr 96
13:51:36
Figure 8.72: Pressure Contour (60% Flow/7% Suction)
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Figure 8.73: Pressure Along Centerline (60% Flow/7% Suction)
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Figure 8.74: Inlet Pressure (60% Flow/7% Suction)
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Figure 8.75: Outlet Pressure (60% Flow/7% Suction)
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10% Suction at 60% of Design Flow
In order to get a better understanding of suction effect in removing decelerating
fluid particles and improving diffuser performance, a 10% suction of the inlet mass
flow rate was studied. The application of a suction rate of 10% of the inlet mass flow
rate provided a horizontal velocity component of 0.444 m/s and a vertical velocity
component of 0.340 m/s as boundary conditions (See Tab. 7.2).
The kinetic energy (Fig. 8.76), dissipation (Fig. 8.77), and vorticity (Fig. 8.78)
contour plots are included for flow verification. Like the two previous suction cases,
the areas of greatest kinetic energy generation and the corresponding areas of dis
sipation have shifted from the shroud and hub side wall to the bottom side of the
diffuser where turbulence is generated by the suction of fluid particles. The vorticity
is lower at the bottom and top surfaces near the shroud and hub side walls, and is
higher near the center area.
From the velocity vector plots of the diffuser symmetry plane (Fig. 8.79, Fig. 8.80
and Fig. 8.81), it can be seen that there is no evidence of flow separation. Then look
at the velocity vector plots on a plane which is 3.05mm from diffuser shroud side wall
(Fig. 8.82 and Fig. 8.83), there is also no sign of the flow separation. The velocity
vector plots on a plane 1.75mm from the shroud side wall and a plane 1.2mm from
the bottom side wall of diffuser (Fig. 8.84, Fig. 8.85 and Fig. 8.86) show no sign of
the flow separation. From these velocity vector plots, it appears that there is no
occurrence of flow separation and diffuser stall at the off-design flow rate of 60% with
the use of 10% suction.
The pressure contour plot (Fig. 8.87) shows the effects of this high rate of suction
which we can be seen better from the pressure plot along the diffuser centerline
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(Fig. 8.88). The pressure along the diffuser centerline indicates an unstable pressure
wave along the suction area. From the plot of non-dimensional pressure at the diffuser
inlet and outlet (Fig. 8.89 and Fig. 8.90), the pressure recovery is calculated to be
0.56. This pressure recovery coefficient is the same as the off-design flow case of 60%
without suction.
From the above suction case, it is evident that if the suction rate is too high, the
diffuser pressure recovery will not be as good since too much flow has been drawn
out.
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Figure 8.76: Kinetic Energy Contour (60% Flow/10% Suction)
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Figure 8.77: Dissipation Contour (60% Flow/10% Suction)
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Figure 8.78: Vorticity Contour (60% Flow/10% Suction)
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Figure 8.79: Velocity on Symmetry Plane (60% Flow/10% Suction)
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Figure 8.80: 2-D View of Velocity on Symmetry Plane (60% Flow/10% Suc
tion)
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Figure 8.81: 2-D View of Velocity at Outlet on Symmetry Plane (60%
Flow/10% Suction)
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Figure 8.82: 2-D View of Velocity on 3.05mm Shroud Side Plane (60%
Flow/10% Suction)
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Figure 8.83: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(60% Flow/10% Suction)
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Figure 8.84: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(60% Flow/10% Suction)
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Figure 8.85: Velocity on 1.2mm Bottom Plane (60% Flow/10% Suction)
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Figure 8.86: 2-D View of Velocity at Outlet on 1.2mm Bottom Plane (60%
Flow/10% Suction)
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Figure 8.87: Pressure Contour (60% Flow/10% Suction)
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Figure 8.88: Pressure Along Centerline (60% Flow/ 10% Suction)
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Figure 8.89: Inlet Pressure (60% Flow/10% Suction)
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Figure 8.90: Outlet Pressure (60% Flow/10% Suction)
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8.2.2 20% of Design Flow with Different Suction Rate
The last case to be discussed is the application of suction at an off-design flow rate
of 20% of the design flow. This situation was analyzed to see if the optimal suction
rate developed for 60% of design flow is also optimal for 20% of design flow.
3% Suction at 20% of Design Flow
The suction rate of 3% of the inlet mass flow rate through the six slits gave a
horizontal velocity component of 0.0467 m/s and a vertical component of 0.0361 m/s
as boundary conditions (See Tab. 7.2).
The kinetic energy (Fig. 8.91), dissipation (Fig. 8.92), and vorticity (Fig. 8.93)
contour plots are included for flow verification. Comparing with the 20% of design flow
case without suction, the area of greatest kinetic energy and corresponding dissipation
have shifted from the shroud and hub side walls to the areas near the suction slits
where turbulence is generated due to the exiting flow. The vorticity is an indication of
the viscosity present in the fluid. The vorticity is lower on the bottom and top surfaces
near the shroud and hub side walls, and is higher near the center area. The vorticity
near top surface is lower than the vorticity near bottom surface, which indicates that
the velocity slowed down near the top surface.
From the velocity vector plots on the diffuser symmetry plane (Fig. 8.94, Fig. 8.95
and Fig. 8.96), the flow separation was not occurring. Then look at the velocity
vector plots on a plane which is 3.05mm from diffuser shroud side wall (Fig. 8.97 and
Fig. 8.98), there is also no sign of the flow separation. Looking at the velocity vector
plots at a plane 1.75mm from the shroud side wall and 1.2mm from the bottom wall of
the diffuser (Fig. 8.99, Fig. 8.100 and Fig. 8.101), there is no sign of flow separation.
Therefore, there is no occurrence of flow separation and diffuser stall at the off-design
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flow rate of 20% with the use of 3% suction.
The pressure contour plot (Fig. 8.102) shows there is an unstable pressure wave
along the vaned diffuser. The pressure plot along the diffuser centerline (Fig. 8.103)
indicates a relatively uniform conversion of dynamic head to static pressure as the
diffuser is traversed. From the plots of non-dimensional pressure at the diffuser inlet
and outlet (Fig. 8.104 and Fig. 8.105), the pressure recovery is calculated to be 0.62.
The pressure recovery coefficient for this flow case with 3% suction is substantially
greater than the off-design flow case without suction (0.50).
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Figure 8.91: Kinetic Energy Contour (20% Flow/3% Suction)
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Figure 8.92: Dissipation Contour (20% Flow/3% Suction)
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Figure 8.93: Vorticity Contour (20% Flow/3% Suction)
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Figure 8.94: Velocity on Symmetry Plane (20% Flow/3% Suction)
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Figure 8.95: 2-D View of Velocity on Symmetry Plane (20% Flow/3% Suc
tion)
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Figure 8.96: 2-D View of Velocity at Outlet on Symmetry Plane (20%
Flow/3% Suction)
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Figure 8.97: 2-D View of Velocity on 3.05mm Shroud Side Plane (20%
Flow/3% Suction)
Shroud Plane (ZOOM VIEW) MK49 20%- 3% VELOCITY
VECTOR PLOT
SCALE FACTOR
0.3000E+03
REFER. VECTOR
-0.2368E+00
MAX.VEC. PLOT' D
0.7296E+00
AT NODE 0
COLOR CODE:
VELOCITY
PLANE COEFF.S
A O.OOOE+00
B O.OOOE+00
C 0.100E+01
D -.12SE+01
VIEW DIRECTION
VX O.OOOE+00
VY 0. 0O0E+00
VZ 0.100E+01
ANG 0.O00E+00
FIDAP 7.06
14 Apr 96
17:21:30
Figure 8.98: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(20% Flow/3% Suction)
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Figure 8.99: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(20% Flow/3% Suction)
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Figure 8.100: Velocity on 1.2mm Bottom Plane (20% Flow/3% Suction)
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Figure 8.101: 2-D View of Velocity at Outlet on 1.2mm Bottom Plane (20%
Flow/3% Suction)
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Figure 8.102: Pressure Contour (20% Flow/3% Suction)
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Figure 8.103: Pressure Along Centerline (20% Flow/3% Suction)
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Figure 8.104: Inlet Pressure (20% Flow/3% Suction)
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Figure 8.105: Outlet Pressure (20% Flow/3% Suction)
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7% Suction at 20% of Design Flow
At 3% suction rate, although there is no flow separation and diffuser stall, we want
to know the best suction rate for this flow rate case for the diffuser to perform most
efficiently. Therefore, a further study was conducted. The suction rate of 7% of the
inlet mass flow rate through the six slits resulted in the application of a horizontal
velocity component of 0.110 m/s and a vertical velocity component of 0.084 m/s as
boundary conditions (See Tab. 7.2).
The kinetic energy (Fig. 8.106), dissipation (Fig. 8.107), and vorticity (Fig. 8.108)
contour plots are included for flow verification. The areas of greatest kinetic energy
generation and the corresponding areas of dissipation have shifted from the shroud
and hub side wall, where the secondary flow effects are observed, to the bottom side
of the diffuser where turbulence is generated by the suction of fluid particles. The
vorticity is lower on the bottom and top surfaces near the shroud and hub side walls,
and is higher near the center area of diffuser.
Looking at the velocity vector plots of the diffuser symmetry plane (Fig. 8.109,
Fig. 8.110 and Fig. 8.111), it can be seen that there is no flow separation. Then look
at the velocity vector plots on a plane which is 3.05mm from diffuser shroud side
wall (Fig. 8.112 and Fig. 8.113), there is also no sign of the flow separation. The
velocity vector plots at a plane 1.75mm from the shroud side wall and a plane 1.2mm
from the bottom wall of the diffuser (Fig. 8.114,Fig. 8.115 and Fig. 8.116) showed no
sign of flow separation. From these velocity vector plots, it appears that there is no
occurrence of flow separation at the off-design flow rate of 20% with the use of 7%
suction.
The velocity vector plot at the outlet near the shroud side wall (Fig. 8.113) shows
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significant improvement compared with the same velocity vector plot at the off-design
flow case of 20% (Fig. 8.38). There is even a improvement over the design flow case
(Fig. 8.8) as the decelerating fluid particles near the bottom are eliminated. The
velocity vector plot at the outlet near the bottom of the diffuser (Fig. 8.116) shows
significant improvement over the same plot at the off-design flow case of 20% with no
suction. (Fig. 8.116).
The pressure contour plot (Fig. 8.117) and the pressure plot along the diffuser
centerline (Fig. 8.118) indicate a relatively uniform conversion of dynamic head to
static pressure as the diffuser is traversed. From the plots of non-dimensional pjessure
at the diffuser inlet and outlet (Fig. 8.119 and Fig. 8.120), the pressure recovery is
calculated to be 0.65. The pressure recovery coefficient for this flow case with 7%
suction is significantly greater than the off-design flow case without suction ( 0.50 ).
As a point of comparison, it seems that a suction rate between 3 and 7% would
provide the reduction of stall at the bottom of the diffuser. Both 3 and 7% suction of
the inlet mass flow rate do a very good job of removing the decelerating fluid particles
that create the thick boundary layer, but suction at 7% of the inlet mass flow rate
gives the best diffuser efficiency for this case.
Kinetic Engery Contour MK49 20%-7%
k
KINETIC ENERGY
CONTOUR PLOT
LEGEND
0.2500E 02
0 .7500E02
0 . 1250E01
0 .1750E 01
0 .2250E-01
0.2750E 01
fl .4250E-01
0.4750E-01
MINIMUM
0.99343E-08
MAXIMUM
0.99343E-01
VIEW DIRECTION
VX -.150E+01
VY 0.100E+01
VZ 0.150E+01
ANG 0.245E+03
FIDAP 7.06
14 Apr 96
17:37:33
Figure 8.106: Kinetic Energy Contour (20% Flow/7% Suction)
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Figure 8.107: Dissipation Contour (20% Flow/7% Suction)
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Figure 8.108: Vorticity Contour (20% Flow/7% Suction)
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Figure 8.109: Velocity on Symmetry Plane (20% Flow/7% Suction)
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Figure 8.110: 2-D View of Velocity on Symmetry Plane (20% Flow/7% Suc
tion)
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Figure 8.111: 2-D View of Velocity at Outlet on Symmetry Plane (20%
Flow/7% Suction)
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Figure 8.112: 2-D View of Velocity on 3.05mm Shroud Side Plane (20%
Flow/7% Suction)
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Figure 8.113: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(20% Flow/7% Suction)
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Figure 8.114: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(20% Flow/7% Suction)
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Figure 8.115: Velocity on 1.2mm Bottom Plane (20% Flow/7% Suction)
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Figure 8.116: 2-D View of Velocity at Outlet on 1.2mm Bottom Plane (20%
Flow/7% Suction)
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Figure 8.117: Pressure Contour (20% Flow/7% Suction)
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Figure 8.118: Pressure Along Centerline (20% Flow/7% Suction)
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Figure 8.119: Inlet Pressure (20% Flow/7% Suction)
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Figure 8.120: Outlet Pressure (20% Flow/7% Suction)
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10% Suction at 20% of Design Flow
For completeness of this study, a 10% suction of the inlet mass flow rate was
applied. The application of suction at a rate of 10% of the inlet mass flow rate resulted
in a horizontal velocity component of 0.157 m/s and a vertical velocity component of
0.120 m/s as boundary conditions (See Tab. 7.2).
The kinetic energy (Fig. 8.121), dissipation (Fig. 8.122), and vorticity (Fig. 8.123)
contour plots are included for flow verification. Like the previous suction cases, the
areas of greatest kinetic energy generation and the corresponding areas of dissipation
have shifted from the shroud and hub side wall to the bottom side of the diffuser The
vorticity is lower on the bottom and top surfaces near the shroud and hub side walls,
and is higher near the center area of the vaned diffuser.
Looking at the velocity vector plots of the diffuser symmetry plane (Fig. 8.124,
Fig. 8.125 and Fig. 8.126), it can be seen that there is no flow separation. Then look
at the velocity vector plots on a plane which is 3.05mm from diffuser shroud side
wall (Fig. 8.127 and Fig. 8.128), there is also no sign of the flow separation. The
flow separation did not occur in the critical areas where flow separation was most
likely to occur according to the previous analysis at the plane 1.75m from the shroud
side wall (Fig. 8.129) and at the plane 1.2mm from the bottom wall (Fig. 8.130 and
Fig. 8.131) of the diffuser. But, there is a sign that velocity vector near the top side
wall is slowing down.
The pressure contour plot (Fig. 8.132) shows the effects of this high rate of suction.
The pressure plot along the diffuser centerline (Fig. 8.133) indicates an unstable
pressure wave along the suction area. From the plot of non-dimensional pressure
at the diffuser inlet and outlet (Fig. 8.134 and Fig. 8.135), the pressure recovery is
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calculated to be 0.46. The pressure recovery coefficient for this flow case with 10%
suction is lower than the off-design flow case of 20% without suction ( 0.50 ).
The pressure recovery coefficient v.s. suction rate is shown on Fig. 8.136. From
this figure, we can find out, for 60% of design flow case, a suction rate of approximately
3% is the best, and for 20% of design flow case, a suction rate of approximately 6.5%
is the best.
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Figure 8.121: Kinetic Energy Contour (20% Flow/10% Suction)
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Figure 8.122: Dissipation Contour (20% Flow/10% Suction)
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Figure 8.123: Vorticity Contour (20% Flow/ 10% Suction)
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Figure 8.124: Velocity on Symmetry Plane (20% Flow/10% Suction)
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Figure 8.125: 2-D View of Velocity on Symmetry Plane (20% Flow/10%
Suction)
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Figure 8.126: 2-D View of Velocity at Outlet on Symmetry Plane (20%
Flow/10% Suction)
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Figure 8.127: 2-D View of Velocity on 3.05mm Shroud Side Plane (20%
Flow/10% Suction)
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Figure 8.128: 2-D View of Velocity at Outlet on 3.05mm Shroud Side Plane
(20% Flow/10% Suction)
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Figure 8.129: 2-D View of Velocity at Outlet on 1.75mm Shroud Side Plane
(20% Flow/10% Suction)
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Figure 8.130: Velocity on 1.2mm Bottom Plane (20% Flow/10% Suction)
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Figure 8.131: 2-D View of Velocity at Outlet on 1.2mm Bottom Plane (20%
Flow/10% Suction)
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Figure 8.132: Pressure Contour (20% Flow/10% Suction)
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Figure 8.133: Pressure Along Centerline (20% Flow/10% Suction)
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Figure 8.134: Inlet Pressure (20% Flow/10% Suction)
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Figure 8.135: Outlet Pressure (20% Flow/10% Suction)
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Table 8.1: Pressure Recovery Characteristics
Flow Condition Pi Po Cp efficiency 77 %
Ideal Flow 0.866 100
100% -0.31 0.007 0.63 72
60% -0.27 0.0075 0.56 64
20% -0.238 0.009 0.50 57
60% - 3% -0.307 0.033 0.68 78
60% - 7% -0.298 0.017 0.63 73
60% - 10% -0.236 0.044 0.56 64
20% - 3% -0.291 0.019 0.62 71
20% - 7% -0.306 0.019 0.65 75
20% - 10% -0.210 0.020 0.46 53
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Cp
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Figure 8.136: Pressure Recovery Coefficient V.S. Suction Rate
Chapter 9
Conclusion
There are two purpose of this thesis. First, analyzing the MK49-F turbopump diffuser
with vaneless diffuser in order that suction could be evaluated as an effective method
of boundary layer control in eliminating the flow separation observed at off-design
flow rates. Second, compare the results with the previous works done in this project.
We found the following major conclusion:
1. The results of the Mk49-F turbopump vaned diffuser with vaneless diffuser
model are different from the previous study in which only the vaned diffuser
was modeled. The flow separation and diffuser stall occured at the bottom of
vaned diffuser instead the top of the vaned diffuser as was the case in previous
work.
2. The results of the MK49-F turbopump vaned diffuser with vaneless diffuser
model and the previous study found that there was a small amount of flow
separation even at the design flow.
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3. The application of boundary layer control by suction through the bottom wall
was demonstrated to be an effective way for controlling flow separation in a
turbopump diffuser.
4. The Off-Design model for 60% of design flow produced a region of separation
and diffuser stall near the bottom of the diffuser of the shroud and hub walls.
Because of this, the pressure recovery was not as good as the design flow case.
The Off-Design model for 20% of design flow had even more separation than
the 60% of design flow at the same area, and the pressure recovery was worse
than 60%.
5. In this study, the suction rates between 3% and 7% of the inlet mass flow rate
provided the best pressure recovery. It was shown that suction not only affects
the decelerating fluid particles before separation, but it also forces the velocity
profiles to become more uniform throughout the diffuser. In this manner diffuser
performance can be enhanced. Suction applied at rates between 3% and 7% of
the inlet mass flow rate improved the the pressure recovery coefficients by 10%
to 30%.
6. It was observed that the majority of the pressure recovery takes place in the in
the vaned diffuser.
7. Using computational software such as FIDAP is a very good way to verify
experimental work, as well as provide some results which can be used as a basis
for the experimental work.
8. There is also a very interesting result in this study. The suction applied near
the inlet at the bottom surface of the vaned diffuser eliminate flow separation
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not only at the bottom of the vaned diffuser but also at the top plane of the
vaneless diffuser.
Recommendations for future work:
1. A more dense model could been done which will allow a better view the sepa
ration.
2. In this thesis, the flow separation and stall in the vaned diffuser have been
studied. But we also found separation at the top plane of the vaneless diffuser.
A study of the flow separation in vaneless diffuser can be done in the future
study, and a suction can be applied to eliminate the flow separation.
3. The application of suction at the design flow condition to see if the overall
diffuser performance can be improved even at the design flow.
4. Application on different suction methods to see if there is a better suction
method than the one used here.
Appendix A
Physical Dimension
This appendix gives the list of flow constants and describes how the flow condition
for the design, off-design and boundary layer control model were determined.
A.l Flow Constants
The main physical dimension parameter of LH2 are given:
p = 0.2455/cp/m3, p = 4.27*10-6iVsec/m2, Amlet = 5.5210~5m2, Dh = 0.0182m
Design Flow Rate:
QlfSuser = 9.7210-4m3/SeC
60% Design Flow Rate is defined as:
Q'diffuser = ^-^Qdiffuser
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20% Design Flow Rate is defined as:
Qdiffuser = ^-^Qdiffuser
^2m, miniet, & -Re can be calculated from the above conditions,
'2m ^i diffuser / "-inlet
minlet = P* inletAinlet
Re = pVinletDh/P-
A. 2 Suction Flow Rates and Conditions
Assumptions:
1. Suction is accomplished through 6 slits on the diffusers bottom surface.
2. Suction is at a a = 37.5 angle to the centerline of diffuser.
3. Suction rate is the same across each slit.
4. Width of slits = 2 mm (Asiit = 29mm2).
For any n%, rnsut = n%rhiniet, the boundary condition at slit is determined by,
tr* erf -"-inletVx = n% sin a
Asiu
t r* rrf "-inletV
= n% coso:
y
--
Aslit
Appendix B
Determination of Pressure
Recovery Coefficient
The pressure recovery coefficient, Cp, is defined by,
r Ap
p
~
\PV2
Where: Ap = change in pressure across the diffuser, p is fluid density (assumed con
stant), and V is inlet velocity.
Because the solution method used required the fluid characteristics to be non
dimensionalized, the non dimensionalized pressure defined by FIDAP is,
P
P =w
Where the dimensional pressure, upon rearrangement, is,
P = p*pv2
Which upon substitution gives the pressure recovery coefficient as function of past
Cp =
2Ap*
= 2(p*0-p*).
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APPENDIX B. DETERMINATION OF PRESSURE RECOVERY COEFFICIENTS
The inlet and outlet pressure,
P*
and P*, were approximated, using numerical av
eraging techniques, from the line pressure plots shown in the results section. Tab. ?
shows the pressure recovery coefficient for all of the flow cases.
Appendix C
Running Suction Model
Alpha work station with 64MB memory is used to perform the simulation.
Steps to run for different boundary conditions.
First construct the geometry model of the diffuser with and without the suction. It
can be produced by running geometry input file. The result is stored in geo.FDBASE.
Then follow the steps listed below, ("CASE" below is name of running case like
suction2-7 (20%-7%) etc.)
1. "cp geo.FDBASE
CASE.FDBASE"
2. edit CASE.fipr, change property and boundary conditions, check relaxation
number, total step number and convergence number.
3. "fidap -id CASE -in
CASE.fipr"
4. for one case, get proper CASE.FDREST file for good start, a previously con
verged, similar parameter number CASE.FDPOST is good one.
5. run "atjobCASE".
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6. check CASE.FDSTAT file for convergence
7. if higher convergence is need, change convergence criteria in "refine", run "fidap
-id CASE -in refine"and "cp CASE.FDPOST CASE.FDREST". Then repeat
5-7.
There are two usages of "RESTART", in fipr
If result is already obtained, but does not converge, you use
"RESTART"
to run
your case to get converge.
If one good result is obtained, you want run another one with slightly different
boundary condition or material properties, you can use "RESTART" to reduce the
over head for the beginning. In this case, copy the good results FDPOST file to
new case's FDREST file, use the input file with proper boundary condition and
proper material properties AND use the EXECUTION card in FIPR in the form
EXEC(REST) instead of EXEC(NEWJOB). then run it through fidap.
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